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Abstract: Under water deficit conditions, declining photosynthesis and the subsequent decline in
assimilates during the grain filling stage can increase the contribution of pre-anthesis assimilates stored
in the stems, to grain filling in order to prevent severe reduction in grain yield. Results of the present
study, which tested five durum and bread wheat genotypes under four irrigation regimes in different
growth and developmental stages, have shown that apart from the contribution of pre-anthesis
assimilates to grain filling, which increased during the one-leaf until grain filling period under water
deficit, dry matter translocation and dry matter translocation efficiency decreased at the floral initiation
to grain filling stage. The remobilization contribution of pre-anthesis assimilates increased by 20%
under water limitation during grain filling compared to optimum irrigation. In addition to this,
genotype G2 (durum wheat) and cultivar G3 (bread wheat) exhibited the highest contribution of pre-
anthesis assimilates to grain filling, which was associated with longer day to the heading and the plant
height under the optimum moisture conditions. Furthermore, the spike dry weight, spike harvest index
and spike partitioning coefficient were also higher in the G2 and G3 genotypes.
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INTRODUCTION
Drought stress creates negative effects on crop growth and productivity through several ways, such as by
decreasing its photosynthetic capabilities. However, crops have also reacted to water deficit using different
complex mechanisms. Hence, improving grain yield under water deficit conditions has been considered as a
very sound and important applied method in arid regions of the globe (Blum, 1998; Chaves and Oliverira,
2004; Zhang et al., 2008).
Grain filling which is subjected to many biotic and abiotic stresses in most wheat growing areas, often
begins when the temperatures are rising and water resources are declining. As water supply becomes limiting,
drought stress causes kernel shriveling and the reduction of 1000-kernel weight, grain yield and yield stability.
Thus, drought tolerance, and yield, has been a major objective for plant breeding programs (Blum, 1998;
Ehdaie et al., 1988; 1989). 
Several researchers have suggested that grain structure and development in wheat depends on carbon
provided from three sources, namely, photosynthetic assimilation, remobilization of pre-anthesis assimilates
stored mainly in the stem and also the retransformation of assimilates stored temporarily in the stem after
anthesis. In addition to this, photosynthetic assimilation as a source of carbon for grain filling depends on the
light intensity reaching the leaves of the plant after anthesis. Furthermore, any stress, especially drought, can
also decrease photosynthesis after anthesis (Bium, 1998; Kobata et al., 1992; Schnyder, 1993; Ehdaie and
Waines, 1996; Yang et al., 2000). Photosynthetic assimilates can be limiting for the grain filling, even under
mild drought conditions. Hence, the carbon reserves in the stem can be an important carbon source for grain
filling (Yang et al., 2000; Gent, 1994). Both grain dry matter accumulation and the canopy respiration are
approximately identical sinks for the photosynthetic assimilates, and together their total demand for assimilates
are greater in comparison with canopy photosynthesis during the grain filling stage (Blum, 1998). Therefore,
internode reserves including the peduncle, penultimate, and the lower internodes, which are components of the
stem in wheat, are eventually necessary for complete grain filling (Ehdaie et al., 2006).
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Yang et al. (2000) Gent,(1994) and Plaut et al. (2004) reported that under suitable conditions sufficient
carbohydrate accumulate in the stem before the grain-filling period. They also suggested that adequate
carbohydrate storage may be dependent on plant traits, and can promote high yield potential at the pre-anthesis
stages.
It has been reported that canopy photosynthesis rapidly decreases after the anthesis stage under terminal
drought conditions Ehdaie et al., (2006). Furthermore, flag leaf photosynthesis cannot support both respiration 
and grain filling . Consequently, the contribution of current photosynthetic assimilates to grain filling decreases
and a considerable quantity of the stem reserved carbohydrates are needed and to translocat the grains during
grain filling in wheat (Rawson et al., 1983; Austin et al., 1977).
Even under sufficient water, the pre-anthesis assimilate reserves in the stems and sheaths of wheat and
rice contribute around 10 – 40% to the final grain weight (Gebbing and Schnyder, 1999). Nevertheless, several
researchers (Pata et al., 1994; Asseng and Herwaarden, 2003; Plaut, 2004) as have reported that under water
deficit conditions, the remobilization of the stem reserves to the grain will become more critical for grain yield.
In addition, the stem reserve mobilization and its rate of development can be affected under the water deficit
conditions during grain filling. Other results have shown a small contribution of pre-anthesis assimilates to
grain under favorable moisture conditions (Rawson and Evans, 1971; Austin et al., 1984) while contribution
of pre-anthesis assimilates to grain can increase under the water deficit (Austin et al., 1977; Aggarwal and
Sinha, 1984). Since water limitations does not increase remobilization and environmental conditions decreases
photosynthetic assimilation there is a greater demand for the stem reserves during the grain filling (Rawson
et al., 1983: Kiniry, 1993).
There were two vital traits stabilizing grain yield under the water stress during the grain-filling period.
These are the capacity for photosynthetic assimilate storage in the stems and the efficiency of its remobilization
to the grains. It has been reported that wheat grown under water deficit may depend more on water soluble
carbohydrates of the stem reserves during the grain filling compared to current assimilates (Rawson et al.,
1971). Other studies have shown that the remobilization increases during plant senescence and early grain
filling (Yang et al., 2000). Recent studies have also shown the importance of water-soluble carbohydrates in
the stems as a physiological trait indicative of the drought tolerance. It also contributes as a main carbon
source for the grain yield, under the limited photosynthesis due to drought stress during grain filling (Ehdaie
et al., 2006; Diab et al., 2004; Van Herwaarden et al., 2006).
With regard to the association between agronomical aspects and assimilates during grain filling, there is
a positive relationship between the harvest index and dry matter mobilization efficiency during grain filling.
The mobilization of stored pre-anthesis assimilates to grains increased under moderate water deficit conditions
during grain filling. It resulted in higher grain yield and water use efficiency in winter wheat varieties, which
were related to the longer maturity duration and higher dry matter mobilization efficiency that finally improved
harvest index (Zhang et al., 2008).
Several researchers have reported the different contribution of the remobilization of pre-anthesis assimilates
to the grain, among various genotypes of bread and durum wheat and triticale under optimum and water deficit
conditions. The remobilization of pre-anthesis assimilates to the grain was reduced under water deficit
conditions in Hongwangmai but increased in Haruhikari bread wheat cultivars (Inoue et al., 2004), whilst
Roshan and Chamran Iranian bread wheat cultivars produced the highest and lowest remobilization values,
respectively (Ghodsi, 2004). In other studies on durum wheat genotypes, the dry matter translocation efficiency
changed from 9% in old cultivars to 20% in modern cultivars. Also, the contribution of pre anthesis assimilates
to grain yield increased by 31% in modern cultivars (Alvaroa et al., 2008).
This study investigates the contribution of pre-anthesis assimilates stored in the stems, to grain filling in
five durum and bread wheat genotypes under four irrigation regimes in different growth and developmental
stages.
MATERIALS AND METHODS
Field Experimental Setup:
Two field experiments were carried out during the 2007-2008 growing season at the Khorasan-e- Razavi
Agricultural and Natural Resource Research Center, Iran. The field experiments were laid out in Mashhad (36°,
13´ N latitude and 59°, 40´ E, elevation 985 m) and Neishabour  (37°, 36  N and 48°, 58  E, elevation 1320
m) Research Stations in a split-plot arrangement based on a complete randomized block design with three
replications. Irrigation regimes were considered as the main plots and included four different irrigation levels:
D1, optimum water condition; D2, water limitation at the one-leaf to floral initiation stage; D3, water limitation
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at the floral initiation to anthesis stage with the prevention of precipitation using a mobile rain shelter; D4,
water limitation at anthesis to late of grain filling stage and the prevention of precipitation. Sub-plots were
assigned to five wheat genotypes, four promising durum lines and one bread wheat cultivar. The soil texture
at the experimental fields was clay loam. Soil pH and EC (ds m ) was 8-8.1 and 1.7-2.2, respectively. Before-1
sowing, the fields were fertilized with 50, 90, and 50kg NPK/ha. Additionally, 70 kg N was top-dressed and
split into two applications. The seeds for the experiments were obtained from the elite durum yield trial
(EDYT, 2006-2007) in the Seed and Plant Improvement Institute (SPII), Iran. Table 1 presents the genotype
pedigree of the seeds used in the study. 
To prevent the occurrence of diseases, the experimental seeds were covered with the fungicide Carboxin
Thiram. Weeds were chemically controlled during the growing stages. In the experimental design, each plot
consisted of 12 rows, 3 meters in length spaced 20 cm apart. From this the sub-plot size was calculated as
7.2 m  (12 x 3 x 0.2) and the seed density was 450 seed m  based on 1000-kernel weight. In order to2 -2
compute the yield and yield component, the following parameters and traits were observed during the course
of the study;
Measurement of Traits:
•Remobilization of Pre-anthesis Assimilates:
Twenty main shoots (including leaves and spikes) were randomly selected from each plot and cut at the
soil surface at the anthesis and maturity stages. Different parameters describing the dry matter mobilization and
remobilization within the plant were calculated according to Ghodsi (2004)], Nazeri (2005), Arduini et al.
(2006) and Dordas et al.,(2008) as follows: 
DMT =DMS a DMS m
DMTE = [DMT / DMS a] × 100
CPAA = (DMT / GY) × 100
In these formulas, DMT is dry matter translocation (mg plant ); DMSa is dry matter shoot at anthesis;-1
DMSm  is dry matter shoot at maturity (leaf + culm + chaff); DMTE is dry matter translocation efficiency
(%); CPAA is contribution of pre-anthesis assimilates to grain (%); and GY is grain yield (mg plant ) -1
•Spike dry weight (SPDW) and spike harvest index (SHI):
In order to compute SPDW and SHI, twenty plant stems (including leaves and spikes) were randomly
selected from each plot at anthesis and the physiological maturity stages. The samples were kept in an
incubator for 3 days at 80°C and the shoot and spike dry weight measured separately in the laboratory. The
spike harvest index was calculated according to Donaldson (1996) and Robertson and Guinta (1994)] as
follows;
SHI % = (SPDW / TDMS) ×100
In this formula SPDW is spike dry weight at anthesis and TDMS is total dry matter shoot at physiological
maturity.             
Data Analysis:
Data from the two locations were statistically analyzed by the MSTAT-C software package. In addition,
the homogeneity between locations was assessed using the Bartlett's test to determine if location data could
be combined and compared. Finally, comparative analyses of the means were performed by the Duncan's
Multiple Range Test (P < 0.01).
RESULTS AND DISCUSSION
Remobilization of Pre-anthesis Assimilates:
As shown in Table 2 below, a combined analysis of variance revealed that  dry matter translocation
(DMT)  was significantly affected (at P<0.05) under the water deficit conditions. However both the dry matter
translocation efficiency (DMTE) and contribution of pre-anthesis assimilates to grain (CPAA) were highly
significantly affected (P <0.01) by genotype effects and also by the interaction effect of water deficit and
genotype (Table 2).
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As shown Fig.1, there was no significant difference in DMT between the optimum irrigation treatment and
the D2 and D3 water deficit treatments. The highest DMT (832 mg plant ) was exhibited in the D2 treatment-1
whilst the lowest DMT (482 mg plant ) was translocated to grain under the D4 treatment conditions (water-1
limitation at anthesis to grain filling stage). The highest DMT observed under moderate water deficit conditions
(D2) was in agreement with the results of Zhang et al. (2008), but not with studies carried out by Nazeri
(2005) and Ghodsi (2004) on triticale and bread wheat cultivars, respectively. On the other hand, the reduction
of DMT under the D4 treatment which showed a critical stage for the remobilization of the stem reserves to
the grains, was similarly reported in previous studies by Palta et al. (1994) Ghodsi (2004) and Plaut et al.
(2004).
With regard to the different effects of the genotypes on remobilization of dry matter in the durum and
bread wheat grains during the grain filling, the results of present study, as shown in Table 3, was in agreement
with those reported by Inoue et al. (2004) Ghodsi (2004) and Álvaroa et al. (2008). The bread wheat cultivar
(G3) exhibited the highest DMT of 836 mg plant  compared to the genotype G1 which showed a DMT of-1
521mg plant , although there was no significant difference between the G3 with G2 and G5 durum wheat-1
genotypes.
The dry matter translocation efficiency (DMTE) and the contribution of pre- anthesis assimilates to grain
(CPAA) under optimum irrigation and water deficit conditions manifested different trends in their values (Fig.
2). The DMTE exhibited a similar trend as that shown with dry matter translocation (DMT) (Figs.1 and 2).
Surprisingly the application of the different irrigation regimes in the D1 to D4 treatments, increased the
contribution of the pre-anthesis assimilates to grains (CPAA). As shown in Fig. 2, the CPAA was 52% under
favorable irrigation (D1) and increased to 73.5% under water deficit conditions during the anthesis until late
grain filling period. It has been reported that a rapid decrease in canopy photosynthesis after the anthesis, under
the terminal drought conditions, caused a reduction in the contribution of current assimilates to grain filling
.Consequently, a considerable amount of stem reserved carbohydrates are translocated to grains during the[14]
grain filling period (Gent, 1994; Rawson and Evans, 1971). The 21% increase in CPAA observed in present
study is in agreement with the above reports.  However, it has been suggested that water limitation itself does
not increase the remobilization, but environmental conditions that decrease current assimilation causes a greater
requirement for the stem carbohydrate reserves during the grain filling (Rawson et al., 1983; Kiniry, 1993).
The effects of genotype on the dry matter translocation efficiency (DMTE) and the contribution of pre-
anthesis assimilates to grain (CPAA) as shown in Table 3, shows that the G2, G3 and G5 genotypes recorded
the  higher  values. However, the CPAA for the G2 promising durum wheat genotype exhibited highest value
amongst all the genotypes studied. Genotypic differences in DMTE and CPAA values has been reported
between and within durum and bread wheat cultivars, which is similar with the results of the present study
(Inoue et al., 2004; Alvaroa et al., 2008; Ghodsi, 2004).
As shown in Fig. 3, the interaction effect of genotype and water deficit with genotype on the dry matter
translocation efficiency (DMTE) showed two remarkable results. The genotype G2 showed the highest DMTE
before and after anthesis under the D3 and D4 water treatments, in addition to being the most stable genotype
amongst all the genotypes studied under optimum irrigation and the water deficit conditions. The DMTE value
changed by about only 5%, from 25% to 30%, in the G2 genotype, whilst it ranged from 14 to 36% in the
G5 genotype. On the other hand, the DMTE for the other genotypes, except for genotype G3, decreased
significantly under the D4 (water limitation at anthesis to grain filling) treatment. 
The interaction effect of genotype and water deficit with genotype (Fig.4) on the contribution of the pre-
anthesis assimilates to grain (CPAA), showed that the CPAA increased considerably with the application of
water deficit during the D2 (one-leaf to floral initiation), D3 (floral initiation to anthesis) and D4 (anthesis to
late grain filling) for all the genotypes studied. However, the CPAA value surprisingly increased in the G2
durum wheat genotype under the D3 and D4 water deficit conditions compared to the other genotypes, similar
to the reports of Inoue et al. (2004) and Álvaroa et al. (2008) on bread and durum wheat cultivars. This
suggests that the superior characteristics of the G2 genotype in relation to the remobilization of pre-anthesis
assimilates during grain filling makes it a good candidate as a durum wheat drought tolerance genotype in the
future. Several researchers have confirmed that the water soluble carbohydrates in stems contribute the main
carbon source for grain yield under terminal limited photosynthetic conditions due to drought stress during the
grain filling. It has also been introduced as a physiological indicator related to drought tolerance (Ehdaie et
al., 2006; Diab et al., 2004; Van Herwaarden et al., 2006).
The important and considerable role of plant source and sink in the remobilization of the pre-anthesis
assimilates to grain is well known and documented and thus an investigation on the effective parameters for
improving their capacity during different plant growth and developmental stages can help to increase
remobilized carbohydrates (Blum, 1998; Kuhbauch and Thome, 1989). It has been demonstrated that under
certain and suitable conditions, the stem reserve accumulation can become the main source of adequate
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carbohydrate storage before the grain filling period, depending on the plant traits improved at the pre-anthesis
(Yang et al., 2001; Plaut et al., 2004). Therefore, longer days to heading and plant height in the G2 and G3
genotypes in comparison with the other genotypes studied under the optimum moisture conditions could have
an effect on enhancing stem carbohydrate reserves before the heading stage (Table 3). On the other hand, to
have a sizeable sink increasing requirement and demand for translocation of assimilates to grain.  Spike dry
weight, spike harvest index and spike partitioning coefficient which are known as the sink capacity indices
(Blum, 1998; Slafer, 1996) exhibited higher values in the G2 and G3 genotypes compared to the other
genotypes (Table 3). Consequently, a strong source and sink effect and their balance in these genotypes have
improved remobilization parameters and enhanced the contribution of pre-anthesis assimilates to grain during
grain filling in the G2 genotype and Chamran bread wheat cultivar (Figs. 2 and Table 3). 
Table 1: List of durum and bread wheat genotypes used in study
Genotype no Pedigree Genotype
G1 HAI-OU_17/GREEN_38 Durum wheat
G2 RASCON_37/BEJAH_7 Durum wheat
G3 CHAM RAN Bread wheat
G4 RASCON_39/TILO_1 Durum wheat
G5 GARAVITO_3/RASCON_37//GREEN_8 Durum wheat
Table 2: Combined analysis of variance for dry matter translocation (DM T),   dry matter translocation efficiency (DM TE),  contribution
of pre-anthesis assimilates to grain (CPAA), spike dry weight (SPDW ), spike harvest index (SHI) and grain yield (GY) in durum
and bread wheat genotypes under different water deficit conditions.
M ean square (M S)
----------------------------------------------------------------------------------------------------------------------------------------------------
DM TE (%)Variation  sources  df DM T mg plant CPAA (%) SPDW  (gr m ) SHI (%) GY (t ha )
-1 2 -1
913 2834 23.9 2.6 Location (L) 1 117187 1.26 ns ns  ns ns
ns
Replication (R) 4 12150 8.35 84.7 18.4 1.7 0.3
945 2420 21476 68 59.8W ater deficit (D) 3 679823 ** ** ** ** **
*
78 1.89 0.3 0.1 L× D 3 32823* 21.7 ns ns ns ns
ns
Error 12 6425 7.45 30.2 26.6 0.8 0.1
520 723.6 5222 21 2.4Genotype (G) 4 389225 ** ** ** ** *
*
27.3 36.7 2.09 0.2 0.2 L× G 4 39721 ns ns ns ns ns
ns
97.8 223.3 200 5.4 0.9D×G 12 38199 ** ** ns ** *
ns
34.8 17.5 2.52 0.2 0.3 L× D ×G 12 34844 ** ns ns ns ns
**
Error 64 6322 5.8 29.2 6075 0.8 0.2
CV % - 11.42 9.80 8.52 6.95 12.88 8.02
*Significant difference at P <0.05;   ** Highly significant difference at P<0.01; ns: Not significant
Table 3: Dry matter translocation (DM T), dry matter translocation efficiency (DM TE), contribution of pre- anthesis assimilates to grain
(CPAA), spike dry weight (SPDW ), plant height (PLH), spike harvest index (SHI), spike partitioning coefficient (SPC) , day
to heading (DH) and grain yield (GY) in different durum and bread wheat genotypes
DM TE (%) SHI (%)Genotype DM T mg plant CPAA (%) SPDW  gr m SPC  (%) GY t ha
-1 -2 -1
17.8 56.4 112 7.1 5.1G1 521.7 b b c 6.2 d c
c bc
28.3 71.5 116 7.6 8.7 5.5G2 801.7 a a b a b ab
a
29.2 64.1 132 8.1 9.5 5.6G3 835.9 a ab a a a a
a
22.5 61 110 6.7 7.9 4.8G4 635.5 ab b d b c c
bc
25.4 63.9 91 5.8 7.1 5.1G5 685.6 a ab e c d bc
ab
LSD 160 6.95 8.1 2.83 0.56 0.68 0.37
Sx 40.7 1.07 1.24 0.65 0.09 0.1 0.09
Column sharing the same letters indicates no significant differences at P < 0.01)
Fig.1: The effect of different irrigation regimes on dry matter translocation
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Fig. 2: The effect of different irrigation regimes on dry matter translocation efficiency and contribution of pre-
anthesis assimilates to grain
Fig. 3: Interaction effect of water deficit × genotype on dry matter translocation efficiency
Fig. 4: Interaction effect of water deficit × genotype on the contribution of pre- anthesis assimilates to grain
Fig. 5: Interaction effect of water deficit ×genotype on the grain yield
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Conclusion:
The limited production of current photosynthetic assimilates during grain filling increases the contribution
of the pre-anthesis assimilates stored in the stems, which are translocated to the sink tissues (mainly grain)
under the water deficit conditions. It is a physiologically complex process subjected to water stress during grain
filling. Our results indicated that although the contribution of pre-anthesis assimilates to the grain increased
during the one-leaf until grain filling period under water deficit conditions, both dry matter translocation and
dry matter translocation efficiency decreased during the floral initiation and grain filling. The highest assimilate
contribution was made under water limitation condition at the anthesis to late grain filling period. While at the
same stage, dry matter translocation and dry matter translocation efficiency exhibited the lowest values.
Amongst genotypes studied, the G2 promising durum wheat and G3 bread wheat (Chamran) genotypes
exhibited the most promising remobilization parameters. Particularly the contribution of pre-anthesis assimilates
to grain enhanced in the G2 genotype during the grain filing stage. It appears that longer days to heading and
plant height under optimum moisture conditions could have an effect on enhancing stem carbohydrate reserves
before the heading stage. On the other hand, the spike dry weight, the spike harvest index and the spike
partitioning coefficient, as the plant sink capacity indices, indicated higher values in the G2 and G3 genotypes.
Consequently, the strong source and sink and their balance in these genotypes improved remobilization and
hence enhanced the contribution of pre-anthesis assimilates to grain during the grain filling period. In addition
to this, the lower reduction in grain yield during grain filling under water deficit conditions observed in the
G2 and G3 genotypes could be due to dominant remobilization traits in these genotypes.
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